Summary. Escherichia coli of serotype 0 1 57 : H7 are Vero cytotoxin-producing enteric pathogens that have recently been associated with outbreaks of haemorrhagic colitis, sporadic cases of haemorrhagic colitis and with the haemolytic uraemic syndrome. The organisms demonstrate attaching and effacing binding to the caecum and colon of orally infected gnotobiotic piglets, chickens and infant rabbits. E. coli 0 1 57 : H7 cells adhere to the surface but do not invade the cytoplasm of human epithelial cell lines in tissue culture. Since outer membranes, lipopolysaccharides and flagella have been identified as bacterial adhesins on other enteric pathogens, we evaluated their roles in the binding of non-fimbriated E. coli 0157 : H7 to HEp-2 cells. Hyperimmune rabbit antisera were prepared to whole cells, outer membranes and flagella of E. coli 0 1 57 : H7. The presence of antibody to homologous antigen was confirmed by dot blot immunoassays. Both antisera and purified outer membrane and flagellar antigens were co-incubated with bacteria and HEp-2 cells to quantitate inhibition of bacterial attachment. Adherence of E. coli 0157:H7 to tissue culture cells was inhibited by rabbit antisera raised to whole cells (76.0 k 5.6% inhibition compared with bacterial adherence in the presence of pre-immune rabbit serum) and outer membranes (69.2 3.4% inhibition). In contrast, inhibition of bacterial attachment to tissue-culture cells was significantly less when two antisera to H7 flagella were co-incubated with E. coli 0 1 57 : H7 and HEp-2 cells (12-4 4 7.6%; 6.0 k 3.5% inhibition). Outer-membrane extracts inhibited adherence to E. coli 0157:H7 to HEp-2 cells in a concentration dependent manner whereas isolated flagella and lipopolysaccharide antigens did not inhibit bacterial attachment. These data suggest that constituents in the outer membranes of E. coli 0 1 57 : H7 mediate binding of the organisms to epithelial cells in vitro.
Introduction
Escherichia coli of serotype 0157 : H7 have recently been reported to cause outbreaks of haemorrhagic colitis (Riley et al., 1983) , sporadic cases of haemorrhagic colitis (Pai et al., 1984; Remis et al., 1984) and the haemolytic uraemic syndrome in man (Karmali et al., 1985; Gransden et af., 1986) . The organisms are not entero-invasive and do not produce heat-labile or heat-stable enterotoxins (Wells et al., 1983) . E. coli 0157: H7 organisms do, however, produce high levels of a cytotoxin variously termed Verotoxin and Shiga-like toxin (Cantey, 1985; Marques et al., 1986) . Adherence of microbial pathogens to mucosal surfaces is a primary step in the pathogenesis of many intestinal infections (Beachey, 1981) . E. coli 0 1 57 : H7 demonstrates intimate (10 nm) attaching and effacing adherence to mucosal epithelium in regions where the normal microvillus membrane architecture is disrupted and the plasma membrane is raised to form a pedestal. Intimate adherence of E. coli 0 1 57 : H7 occurs in the caecum and colon after oral infection of gnotobiotic piglets (Francis et al., 1986) , chickens (Berry et al., 1985) and infant rabbits (Pai et al., 1986) . However, the bacterial attachment factors, or adhesins, that mediate adherence ofE. coliO157 : H7 to mucosal epithelium have not been clearly defined.
E. coli 0157:H7 also adheres to the surface of human epithelial cells propagated in tissue culture (Sherman et al., 1987) , which is thus a useful invitro method of defining the adhesins expressed by these organisms. In this model we evaluated outer membranes, H7 flagella and lipopolysaccharide as potential bacterial adhesins. Adherence of E. coli 0157:H7 to HEp-2 cells was quantitated in the presence and absence of homologous rabbit antisera raised against whole cells, outer membranes and flagella. The effect of isolated outer-membrane preparations, H7 flagella, and homologous lipopolysaccharide on the binding of E. coli 0 1 57 : H7 to HEp-2 cells was determined.
Materials and methods

Bacterial strains and growth conditions
Five E. coli strains of serotype 0 1 57 : H7, isolated from the stools of children who developed haemorrhagic colitis or the haemolytic uraemic syndrome (Karmali et al., 1985) , were kindly provided by Dr M. Karmali, The Hospital for Sick Children, Toronto. A non-adherent faecal commensal E. coli, HS (serotype O? : H4) was used as a negative control. Stock cultures were stored in 10% glycerol at -70°C. Each bacterial strain was grown in static, non-aerated cultures of Penassay broth (Difco) overnight at 37°C.
Extraction of outer membranes
Detergent-insoluble outer membranes of E. coli 0157:H7 strain CL-56 and strain HS were obtained by precipitation of bacterial extracts in N-lauroyl sarcosine 1'7% w/v (Sarkosyl; Sigma), as described by Achtman et al. (1983) . Outer membranes, 50pg of protein, were separated by electrophoresis in 123% polyacrylamide gels in the presence of SDS 0.1% and stained with Coomassie blue.
Isolation offlagella
H7 flagella of E. coho 157 : H7 and flagella of SaImoneIla enteriditis (serotype 1,9,12 : g,m :-; reference # 1267) kindly provided to us for these studies by Dr G. Ibrahim, University of New South Wales, Australia, were isolated as previously reported (Ibrahim et al., 1985) . Briefly, flagella were dissociated from bacteria by incubation of organisms at pH 2.0 for 30 min at room temperature, were precipitated in 2.67 M ammonium sulphate and dialysed against distilled water in dialysis tubing with a high mol. wt (50000) cut off. Purified flagella were electrophoresed in 10% polyacrylamide gels in the presence of SDS 0.1% and 0.5 M urea, as described by Ibrahim et al. (1985) .
Isolation of lipopolysaccharide (LPS)
LPS of E. coli 0157: H7 strain CL-56 was isolated by phenol-water extraction, as described by Westphal and Jann (1965) . LPS purified from E. coli serotypes 0 1 1 1 : B4 and 026 : B6 was purchased commercially (Sigma).
Electronmicroscopy
Flagella preparations were placed on 300-mesh carboncoated copper grids and the excess fluid was removed. Phosphotungstic acid (2% w/v), pH 7.0, was placed on the grids for 1 min and the excess stain was then removed. Samples were examined in a Philips 300 transmission electron-microscope at an accelerating voltage of 60 KV.
Assays
The protein concentration of outer membranes and flagella preparations was determined by the method of Lowry et al. (1951) , with bovine serum albumin (Sigma) as standard.
Antisera
Formalin treated E. coliOl57: H7 cells were suspended in sterile PBS, pH 7-4, to a concentration of lo9 cells/ml and injected intravenously into male New Zealand White rabbits (2.5 kg body weight) at 4-day intervals for a total of 5 doses. Sera were collected before immunisation and 7 days after the final intravenous injection. To raise antisera in rabbits to outer membranes and flagella, suitable amounts of each antigen together with Freund's adjuvant were injected subcutaneously thrice at intervals of two weeks. Antisera were collected 2 weeks after the final antigen dose. A second H7 flagella rabbit antiserum was purchased commercially (Difco). To ensure that antiserum contained anti bodies that recognised the antigen against which the rabbit was immunised, dot blot immunoassays were performed with whole cells, outer membranes and H7 flagella and each of their respective antisera (Towbin and Gordon, 1984) . Antisera were tested in the dot blot assays at a 1 in 50 dilution while bovine serum albumin served as a negative control.
Adherence of E. coli 0157: H7 to HEp-2 cells
The effect of each antigen and antiserum on inhibition of E. coli 0157:H7 adherence to HEp-2 cells in tissue culture was determined as described previously (Sherman et al., 1987) . Briefly, HEp-2 cells (ATCC, Rockville, MD) were grown in 12-well cluster dishes (Costar, Cambridge, MA) overnight in an atmosphere of air and C 0 2 5% at 37°C. The HEp-2 cells were then washed three times with Hanks's Balanced Salts Solution (Flow Lab, McLean VA) and incubated with lo8 E. coli 0157:H7 in 2 ml of the antibiotic-free basal media of Eagle (Flow) which contained varying dilutions of each of the rabbit antisera or extracted bacterial surface antigens. After a 3-h incubation at 37"C, the medium was removed and HEp-2 cells were washed six times with sterile Dulbecco's PBS (Flow) to remove loosely attached organisms. HEp-2 cells and adherent bacteria were then removed from plates by incubation in 0.25% trypsin and the HEp-2 cells were lysed by the addition of 0.1% bovine serum albumin in distilled water and vortex mixing. Lysates were serially diluted tenfold in sterile PBS and plated in duplicate on MacConkey Agar plates (Oxoid) to calculate the number of viable E. coli 0157:H7 cells adherent to the HEp-2 cells. Results are expressed as the percentage of E. coli 0157:H7 adherent to HEp-2 cells observed in the presence of pre-immune rabbit serum.
Statistics standard error of the mean (sr & SE). Analysis between groups was determined by the two-tailed nonpaired Student's t test (Colton, 1974) .
Results are expressed as means
Results
The profiles of outer membranes isolated from five E. coli 0157:H7 strains were equivalent on polyacrylamide gel electrophoresis ( fig. 1 ). Although all the major bands were present in outer membrane extracts of each isolate there were minor differences in lower mol. wt bands between E. coli 0 1 57 : H7 strains. A representative non-fimbriate E. coli 0157:H7, strain CL-56 (Sherman et al., 1987) shown in lane 3 of fig. 1 was used in these studies to evaluate potential bacterial adhesins in more detail. After gel electrophoresis in polyacrylamide, a predominant flagellin band from the 0 1 57 : H7 strain was present with an approximate mol. wt of 66000. Under transmission electronmicroscopy, the purified flagella preparation contained reconstituted flagella (data not shown).
Dot blot immunoassays demonstrated that antisera raised in rabbits to whole cells, outer membranes and H7 flagella of E. coli 0157 : H7 reacted with their homologous antigens. The antisera did not react in a dot blot assay with bovine serum albumin, pre-immune rabbit serum or with heterologous antigens (data not shown). Passive haemagglutination titres with tannic acid-coated human type-0 erythrocytes were greater than the titre of antiserum that caused visible slide agglutination of wholeE. coli0157:H7.
Expressed as a percentage of the initial bacterial inoculum (1 O* cfu), 7.4 f 3.1 % of cells of strain CL-56 adhered to HEp-2 cells. Antiserum to whole cells of E. coli 0157 : H7 significantly blocked adherence of the organisms to HEp-2 cells ( fig. 2 ). In the presence of whole-cell antiserum, binding of E. coli 0157:H7 strain CL-56 to HEp-2 cells was only 24.0+5.6% of the levels of adherent organisms observed in the presence of pre-immune rabbit serum (p -c 0.01). Antiserum to outer membranes of E. coli 0157:H7 inhibited binding of bacteria to the same extent (69.2f 3.4% inhibition) as antiserum to whole cells (76.0 & 56%). In contrast, the two rabbit antisera to H7 flagella did not significantly inhibit binding of E. coli 0 1 57 : H7 to HEp-2 cells (inhibition of 12.4 f 7.6% and 6.0 f 3.5% respectively).
Antiserum raised to outer membranes reduced bacterial adherence to HEp-2 cells to 20% of that observed in the presence of pre-immune rabbit serum alone up to an 800-fold dilution of antibody ( fig. 3 ). This inhibition was specific since, as shown in fig. 3 , antiserum produced to outer membranes of a human commensal E. coli, HS, was significantly less effective in blocking adherence of E . coli 0 1 57 : H7 to HEp-2 cells.
To support these findings obtained with the antisera, we next determined if their respective antigens inhibited adherence of bacteria to epithelial cells in tissue culture. As shown in fig. 4 ,500 pg 0 200 800 3200 Antiserum Dilution extracted from E. coli 0157:H7 and two other intestinal E. coli (serotypes 0 1 1 1 : B4 and 026 : B6) did not decrease the number of organisms adherent to HEp-2 cells (0% inhibition in each instance, mean of twoexperiments). To ensure that inhibition of bacterial attachment to HEp-2 cells was not the result of non-specific entrapment of bacteria at these relatively high protein concentrations, we also determined if an equivalent amount of bovine serum albumin (500pg) would also block binding of E. coli 0157: H7. Albumin did not result in any inhibition of adherence of the organisms to HEp-2 cells.
Discussion
Adherence of pathogenic organisms to mucosal surfaces is often a pre-requisite for delivery of bacterial enterotoxins and for mucosal invasion (Beachey, 1981) . Structures such as fimbriae, outer membranes, lipopolysaccharide, polysaccharide and flagella have all been characterised as bacterial adhesins on the cell surface of pathogenic gramnegative bacteria (Peterson and Quie, 198 1) . In this study we provide evidence that outer membrane constituents of E. coli 0 1 57 : H7 strain CL-56, but not lipopolysaccharides or H7 flagella, mediated adherence of the organisms to human epithelial cells in tissue culture. Flagella and lipopolysaccharides were evaluated as possible bacterial adhesins for two reasons. Firstly, H7 flagella and lipopolysaccharides were used to demonstrate the specificity of outer-membrane inhibition of E. coli 0 1 57 : H7 binding to HEp-2 cells. Secondly, some authors have suggested a role for flagella antigens as adhesins mediating the binding of certain intestinal pathogens to epithelial cells in tissue culture (Newel1 and McBride, 1985) .
Human epithelial cell lines have been used previously as models to evaluate mechanisms of adherence of E. coli because of correlation with bacterial entero-adherence in vivo (Clausen and Christie, 1982) . Entero-invasive E. coli adhere to and invade epithelial cell lines such as HEp-2 cells. Hinson et al. (1987) demonstrated that binding of invasive E. coli to HEp-2 cells and to isolated human colonocytes is mediated by fibrillar adhesins. In contrast, enterotoxigenic E. coli isolated from humans with diarrhoea adhere to isolated human enterocytes (Knutton et al., 1985) and intestinal brush border membranes (Cheney and Boedeker, 1983 ) but they do not adhere to HEp-2 cells (Baldini et al., 1983) .
Human enteropathogenic E. coli (EPEC) strains adhere to intestinal epithelia both in man and in orally challenged animals in morphologically the same manner as E. coli 0157:H7 (Clausen and Christie, 1982; Moon et al., 1983) . The surface adhesins of certain EPEC have been characterised by means of a readily available and reproducible assay of EPEC adherence to HEp-2 cells in tissue culture (Cravioto et al., 1979) . Recent evidence indicates that adherence of EPEC to tissue culture cells is morphologically indistinguishable from the attaching and effacing adherence of EPEC that has been documented during intestinal colonisation in vivo (Knutton et al., 1987a) .
Adherence of EPEC to tissue-culture cells occurs in at least two distinct patterns, termed localised adherence and diffuse adherence (Scaletsky et al., 1984) . Localised adherence of EPEC to HEp-2 cells was initially felt to be associated with the presence of a plasmid of mol. wt 60 x 1 06, designated pMAR2 (Baldini et al., 1983) , which encodes for the expression of a mannose-resistant, non-haemagglutinating fimbrial antigen (Knutton et al., 1987a) . However, an isogenic EPEC strain cured of the pMAR2 plasmid continues to demonstrate attaching and effacing adherence to HEp-2 cells (Knutton et al., 1987a) and enterocytes in organ culture (Knutton et al., 19873) . Others have also indicated that adherence of EPEC to HEp-2 cells does not depend on the expression of fimbrial adhesins (Scotland et al., 1983) . A systemic humoral immune response to outer membrane develops in human volunteers who develop diarrhoea after oral challenge with an E. coli strain that demonstrates localised adherence to HEp-2 cells. It has, therefore, been postulated that components of the outer membrane could serve as bacterial adhesins (Levine et al., 1985) .
E. coli of serotype 0157 : H7 do not fit appropriately into any of the three broad categories previously used to define diarrhoeagenic E. coli; E. coli 0157 : H7 is not entero-invasive and does not produce heat-labile or heat-stable enterotoxins (Wells et al., 1983) . Furthermore, E. coli 0157: H7 causes clinical symptoms distinct from the nonbloody diarrhoea of infants which has been epidemiologically associated with non-invasive, nontoxigenic EPEC infections. The term "enterohaemorrhagic" E. coli has, therefore, been proposed to encompass this group of intestinal pathogens (Levine, 1987) . However, E. coli 0157:H7 cells adhere to the intestine of orally challengea animals with the same intimate, attaching and effacing adherence described previously in human and animal EPEC isolates (Moon et al., 1983) .
Presumably, adherence of E. coli 0157:H7 to intestinal mucosal surfaces facilitates delivery of toxins, such as Vero cytotoxin, from the pathogen to the infected host. However, the surface adhesins that mediate attachment of E. coli 0157:H7 to epithelial cells have not been clearly defined. Karch et al. (1987) have recently demonstrated that E. coli 0 1 57 : H7 strains adhere to a human fetal intestine cell line (Intestine 407) but not to HEp-2 cells in tissue culture. Adherence of E. coli 0157:H7 to Intestine 407 was mediated by non-haemagglutinating, mannose-resistant fimbriae encoded by a plasmid of mol. wt 60x lo6. In contrast, we have shown previously (Sherman et al., 1987) , and in this study, that at least some non-fimbriate E. coli
